In this study, using Aerosol Robotic Network aerosol optical depth (AOD) products at three stations in the North China Plain (NCP)-a heavily polluted region in China-the AOD products from six satellite-borne radiometers: the Moderate Resolution Imagining Spectroradiometer (MODIS), the Multiangle Imaging Spectroradiometer (MISR), Ozone Mapping Imaging (OMI), the Visible Infrared Imaging Radiometer (VIIRS), the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS), and Polarization and Directionality of the Earth's Reflectances (POLDER), were thoroughly validated, shedding new light on their advantages and disadvantages. The MODIS Deep Blue (DB) products provide more accurate retrievals than the MODIS Dark Target (DT) and other satellite products at the Beijing site (BJ, a megacity), with higher correlations with AERONET (R > 0.93), lower mean absolute bias (MB < 0.012), and higher percentages (>68%) falling within the expected error (EE). All MODIS DT and DB products perform better than the other satellite products at the Xianghe site (XH, a suburb). The MODIS/Aqua DT products at both 3-km and 10-km resolutions performed better than the other space-borne AOD products at the Xinglong site (XL, a rural area at the top of a mountain). MISR, VIIRS, and SeaWiFS tend to underestimate high AOD values and overestimate AOD values under very low AOD conditions in the NCP. Both OMI and POLDER significantly underestimate the AOD. In terms of data volume, MISR with the limited swath width of 380 km has less data volume than the other satellite sensors. MODIS products have the highest sampling rate, especially the MODIS DT and DB merged products, and can be used for various climate study and air-quality monitoring.
Introduction
Atmospheric aerosols play a critical role in the earth-climate system. Aerosols influence Earth's energy budget by scattering and absorbing solar and terrestrial radiation or by modifying the cloud properties and precipitation patterns [1] . They also affect the atmospheric chemistry process and air quality. Aerosol forcing has been identified as one of the greatest uncertainties in our understanding of the global climate system due to the high variability in concentration, size, composition, shape, and optical properties [2, 3] .
Global and local aerosol properties have been extensively observed using various satellite radiometers during the last decades. Early satellite-borne sensors, such as the Advanced Very High Resolution Radiometer (AVHRR), have provided a nearly 25-year continuous record of global AOD values over the ocean [4] . Satellite AOD retrieval has benefited from advances in the satellite spectral, spatial, and angular resolutions of satellite-borne radiometers, which have made AOD retrieval over land possible and resulted in multiple AOD products, such as those from the Sea-viewing Wide Xianghe (XH: 39.75°N, 116.96°E, 36.0 m ASL), with a population of 350,000, is a county in the Hebei Province and is situated between the two megacities of Beijing and Tianjin. The observation site is surrounded by cropland, densely occupied residences, and light industry. The demand for heating and associated combustion activities increases in winter when coal-fueled boilers and coalburning stoves are used for households [22] . Xinglong (XL: 40.40°N, 117.58°E, 970.0 m ASL) is an atmospheric background observation station of the Chinese Academy of Sciences and is situated at the top of a mountain. Situated 150 km from Beijing to the northeast, XL is located at the edge of a rapidly developing metropolitan area and is thus taken to be an atmospheric background station.
The Study Sites and Data

Description of the Study Sites
AERONET Data
The AERONET is a ground-based sun and sky scanning radiometer network that measures aerosol optical properties across the world. Aerosol optical and microphysical properties in the AERONET database include the aerosol optical depth (AOD), Angstrom exponent (AE), refractive index, size distribution, single scattering albedo (SSA), absorption AOD, and asymmetry factor. Aerosol properties are derived from the direct and diffuse solar spectral radiance measured by CIMEL CE318 sun-photometers. BJ, XH, and XL became permanent AERONET sites in April 2002, September 2004, and February 2006, respectively. The level 2 products of AERONET version 3 used in the study are automatically cloud cleared and quality assured, with prefield and postfield calibration applied. The AERONET AOD at 550 nm was computed using the quadratic fit on a loglog scale for comparing with data from the multiple satellite sensors. The accuracy of AERONET AODs is 0.01-0.02 in the visible and near-infrared wavelengths. The uncertainty of the SSA, which increases as the optical thickness decreases, is 0.03-0.07, depending on the AOD and the aerosol types [23] . Xianghe (XH: 39.75 • N, 116.96 • E, 36.0 m ASL), with a population of 350,000, is a county in the Hebei Province and is situated between the two megacities of Beijing and Tianjin. The observation site is surrounded by cropland, densely occupied residences, and light industry. The demand for heating and associated combustion activities increases in winter when coal-fueled boilers and coal-burning stoves are used for households [22] . Xinglong (XL: 40.40 • N, 117.58 • E, 970.0 m ASL) is an atmospheric background observation station of the Chinese Academy of Sciences and is situated at the top of a mountain. Situated 150 km from Beijing to the northeast, XL is located at the edge of a rapidly developing metropolitan area and is thus taken to be an atmospheric background station.
MAPSS Data
AERONET Data
The AERONET is a ground-based sun and sky scanning radiometer network that measures aerosol optical properties across the world. Aerosol optical and microphysical properties in the AERONET database include the aerosol optical depth (AOD), Angstrom exponent (AE), refractive index, size distribution, single scattering albedo (SSA), absorption AOD, and asymmetry factor. Aerosol properties are derived from the direct and diffuse solar spectral radiance measured by CIMEL CE318 sun-photometers. BJ, XH, and XL became permanent AERONET sites in April 2002, September 2004, and February 2006, respectively. The level 2 products of AERONET version 3 used in the study are automatically cloud cleared and quality assured, with prefield and postfield calibration applied. The AERONET AOD at 550 nm was computed using the quadratic fit on a log-log scale for comparing with data from the multiple satellite sensors. The accuracy of AERONET AODs is 0.01-0.02 in the visible and near-infrared wavelengths. The uncertainty of the SSA, which increases as the optical thickness decreases, is 0.03-0.07, depending on the AOD and the aerosol types [23] .
MAPSS Data
The Multisensor Aerosol Products Sampling System (MAPSS) is a framework that provides statistics of spatial and temporal subsets of Level-2 aerosol scientific data sets (SDS) from a range of sensors that currently includes AERONET, MODIS, MISR, OMI, SeaWiFS, POLDER, and VIIRS. The data system was described in detail by Petrenko et al. [18] . The AERONET measurement sites were identified as focal points for spatial statistics. The process of generating the statistics for each spatial spaceborne aerosol product involves extracting the values of the pixels that fall within a circle with a diameter of approximately 55 km centered on the chosen AERONET site. Similarly, statistics for ground-based temporal observations in a particular station are derived from measurements taken within ±30 min of each satellite overpass over this location. All the satellite AOD pixels are filtered by quality assurance (QA) [24] .
The MAPSS MODIS aerosol products include six datasets for version 060, i.e., DT and DB AODs at 10 km and DT AODs at 3 km from the twin MODIS onboard Terra and Aqua. MISR AODs (550 nm, version 0022) at a spatial resolution 17.6 km were used to collocate ground-based AERONET observations in MAPSS. The SeaWiFS onboard SeaStar satellite platform was originally designed for ocean color retrieval. It features a higher calibration precision and long-term stability in the radiometric measurements compared to the other sensors [25] . The latest SeaWiFS version 004 dataset at a spatial resolution of 13.5 km is employed in the MAPSS. OMI, which is onboard the Aura satellite, is capable of retrieving aerosol absorption, extinction optical depth and single scattering albedo data [26] . OMI 500-nm AODs of version 003 at 13.7 × 23.7 km 2 were used. Aerosol products from the POLDER, which is onboard a CNES/Myriade microsatellite PARASOL within the A-train constellation (December 2004-October 2013), were included. Level 2 POLDER aerosol data consist of AODs at 865 nm over land from multispectral and multiviewing-angle polarization measurements. These parameters have been averaged on a 3 × 3 level 1 pixel size area, leading to a spatial resolution of approximately 20 × 20 km 2 on the ground. The 550-nm AODs of version 001 at a spatial resolution of 6 km from the VIIRS/S-NPP (Suomi National Polar-orbiting Partnership) were used in the study.
Results
Seasonality of AERONET Aerosol Optical Properties
The intra-annual variabilities of the AERONET AOD, SSA, and FMF (Fine Mode Fraction) values at BJ, XH, and XL are represented as box-and-whiskers plots in Figure 2 . The AOD, SSA, and FMF values at the three sites show distinct seasonality. The AOD values show a significant seasonality, with the maximum in the spring and summer and the minimum in the winter (DJF). The seasonality over the NCP has been revealed by numerous studies [20, 21, 27] . It can be seen that the atmosphere is typically the most turbid and the most variable with the widest distribution in summer (Figure 2a ). The surface relative humidity and temperature are high in summer, which promotes the conversion of gas to particulate and results in higher AOD. The AOD showed higher values in June, July, and October at the three sites, which is related to regional open stalk burning during the harvest season [22, 27] . This can also be seen by the MODIS fire products [28, 29] . Higher AOD values in the spring are mainly caused by increasing coarse-mode dust particles transported from remote dust regions [21, 27, 30] , which agrees with the lower FMF in the spring, as shown in Figure 2c .
It is obvious that the AOD values at BJ are much higher than those at the two other sites. The AOD values at the XL station were the lowest among the three sites. In contrast, the SSA values at XL were generally the highest among the three sites except in July and August, when data samples were insufficient due to the high frequency of cloud contamination and instrument breakdown. The two inversion products, SSA and FMF, showed a larger dispersion at XL than at BJ and XH because the retrieval uncertainty of SSA and FMF increases as the AOD values decrease. It can be seen in Figure 2a that the majority of the AOD values at XL are less than 0.4, the threshold of AERONET SSA inversion. It is obvious that the AOD values at BJ are much higher than those at the two other sites. The AOD values at the XL station were the lowest among the three sites. In contrast, the SSA values at XL were generally the highest among the three sites except in July and August, when data samples were insufficient due to the high frequency of cloud contamination and instrument breakdown. The two inversion products, SSA and FMF, showed a larger dispersion at XL than at BJ and XH because the retrieval uncertainty of SSA and FMF increases as the AOD values decrease. It can be seen in Figure  2a that the majority of the AOD values at XL are less than 0.4, the threshold of AERONET SSA inversion. Table 1 shows the validation periods and evaluation metrics at the three sites, including the number of satellite and AERONET matchups, the mean bias (defined such that positive values indicate an overestimation of satellite retrieval), the linear correlation coefficient (R), the slope, and the intercept of linear regressions for the AODs retrieved by satellite versus the AERONET AODs, and the percentages of the satellite AODs falling within the reference expected error (EE), above the EE, and below the EE. For consistency among the different aerosol products, we used the EE of the MODIS C5 aerosol product over land ±(0.05 + 0.15AOD) in the study. Furthermore, the Taylor diagrams, as shown in Figure 3 , were employed to visualize the degree of correspondence between the various satellite AOD products and the AERONET AOD measurements in terms of their correlation, their centered root-mean-square difference, and the ratio of their variances. R is represented by the polar angle, the centered root-mean-square difference (CRMSD) is denoted by the radial lines labeled by the cosine of the angle made with the abscissa, and the standard deviation is normalized by the standard deviation of AERONET (NSD), as shown by the radius, and all are Table 1 shows the validation periods and evaluation metrics at the three sites, including the number of satellite and AERONET matchups, the mean bias (defined such that positive values indicate an overestimation of satellite retrieval), the linear correlation coefficient (R), the slope, and the intercept of linear regressions for the AODs retrieved by satellite versus the AERONET AODs, and the percentages of the satellite AODs falling within the reference expected error (EE), above the EE, and below the EE. For consistency among the different aerosol products, we used the EE of the MODIS C5 aerosol product over land ±(0.05 + 0.15AOD) in the study. Furthermore, the Taylor diagrams, as shown in Figure 3 , were employed to visualize the degree of correspondence between the various satellite AOD products and the AERONET AOD measurements in terms of their correlation, their centered root-mean-square difference, and the ratio of their variances. R is represented by the polar angle, the centered root-mean-square difference (CRMSD) is denoted by the radial lines labeled by the cosine of the angle made with the abscissa, and the standard deviation is normalized by the standard deviation of AERONET (NSD), as shown by the radius, and all are indicated by a single point on a two-dimensional (2-D) plot in the Taylor diagram. A detailed description of the Taylor diagram is given by Taylor [31] . Table 1 . The validation periods and data statistics at the Beijing, Xianghe, and Xinglong sites, including the number of satellites and AERONET (Aerosol Robotic NETwork) matchups, the mean bias (defined such that positive values indicate an overestimation of satellite retrieval), the root mean square difference (RMSD), the linear correlation coefficient (R), the slope and the intercept of linear regression, and the percentages of satellite AODs falling within the expected error (EE), above the EE, and below the EE.
Results of Intercomparison
Sites
Validation The MODIS/Aqua DT products at resolutions of 3-km and 10-km performed better than other space-borne AOD products at the XH and XL sites, although the statistical point at the XL site depart farther from AERONET reference position than those at the BJ and XH sites. This was evidenced by higher correlations (R > 0.97 and R > 0.86 at the XH and XL sites, respectively) and lower root-meansquare differences (RMSD < 0.15 and RMSD < 0.12 at the XH and XL sites, respectively). Values of the linear regression slope were very close to 1, and the absolute values of the intercepts were less than 0.03. The percentages of the MODIS/Aqua DT AODs falling within the EE exceeded 71%. The MODIS/Terra DT, MODIS/Terra, and MODIS/Aqua DB AODs also showed good agreement with the AERONET AODs at the XH site. The values of the correlation coefficients exceeded 0.92. The linear fitting slopes were close to 1, and the intercepts were less than 0.1. The MODIS/Terra DT products generally underestimated the AODs at the XL site although a high percentage of matchup data fell with the EE (79.15% and 78.65% for the MODIS/Terra AODs at resolutions of 3-km and 10-km, respectively). The MODIS/Terra and MODIS/Aqua DB products showed a significant overestimation of the AODs at the XL site. The statistical points of the MODIS DB AOD retrievals at the XL site were the farthest from the AERONET reference point for the three sites (Figure 3 ), which shows that the MODIS DB products experience a remarkable degradation at the XL site.
The MISR retrievals significantly underestimated the AODs at the BJ and XH sites, although the MISR AODs had high correlations (R > 0.92) with the AERONET AODs and high percentages of falling within the EE (78.51% and 70.41% at the BJ and XH sites, respectively). The MISR AOD products showed negative MB values (-0.08 and -0.10 at the BJ and XH sites, respectively), with lower standard deviations (0.57 and 0.60 at the BJ and XH sites, respectively) compared to the AERONET AODs. There are only 23 collocated MISR and AERONET samples at the XL site, which is insufficient for significant statistical analysis.
The scatter plots of the OMI AODs, SeaWiFS AODs, and VIIRS AODs against the AERONET AODs are given in Figure 4 . The correlation coefficients between the OMI and AERONET AODs were 0.83, 0.88, and 0.82 at the BJ, XH, and XL sites, respectively, and the MB values were negative at the three sites. The slopes of the linear regression between the OMI and AERONET AODs were less than 0.60 at the BJ and XH sites, and the intercepts were 0.11 and 0.05 at the BJ and XH sites, respectively. The NSD values of the OMI AODs were lower than those of the AERONET AODs at the BJ and XH sites (Figure 3a,b) . The OMI performed better at the XL site than at the BJ and XH sites, with a higher slope (0.791), a lower intercept (0.037), and a standard deviation very close to that of AERONET (Figure 3c ). However, all the statistics suggest that the OMI significantly underestimates the AOD when aerosol loading is medium or high and slightly overestimates the AOD when the AOD is very low. The worse performance of the OMI in the urban area is caused by the combined effect of complex surface characterization, cloud contamination, and possibly aerosol model representation. Aerosol loading and clouds are highly variable within the large OMI footprint for the urban area, which results in a diminishment of the retrieval quality.
The percentages of the SeaWiFS AOD data falling within the EE were 70.12%, 65.29%, and 82.86%, the correlation coefficients are 0.90, 0.84, and 0.82, and the RMSD values were 0.109, 0.208, At the BJ site, both the MODIS/Terra and MODIS/Aqua DB AOD products showed better agreement with the AERONET AODs compared to the other satellite AODs. The two AOD products had higher correlations with AERONET (R > 0.93) and a lower mean absolute bias (MB < 0.01). The NSDs of MODIS DB AOD retrievals were approximately 0.99, suggesting that the MODIS DB AODs are capable of capturing the temporal variation of the AERONET AODs. In addition, the percentages of all data points falling within the EE were close to or greater than one standard deviation (~68%) for the MODIS/Terra, MODIS/Aqua DB AODs. The linear regression slopes were approximately 0.92, and the intercepts were close to zero. Despite the high correlations (R > 0.90) between the AERONET AODs and all the MODIS DT AOD products, the fractions of all matchups within the EE were less than 40%, and the MB values were up to~0.15.
The MODIS/Aqua DT products at resolutions of 3-km and 10-km performed better than other space-borne AOD products at the XH and XL sites, although the statistical point at the XL site depart farther from AERONET reference position than those at the BJ and XH sites. This was evidenced by higher correlations (R > 0.97 and R > 0.86 at the XH and XL sites, respectively) and lower root-mean-square differences (RMSD < 0.15 and RMSD < 0.12 at the XH and XL sites, respectively). Values of the linear regression slope were very close to 1, and the absolute values of the intercepts were less than 0.03. The percentages of the MODIS/Aqua DT AODs falling within the EE exceeded 71%. The MODIS/Terra DT, MODIS/Terra, and MODIS/Aqua DB AODs also showed good agreement with the AERONET AODs at the XH site. The values of the correlation coefficients exceeded 0.92. The linear fitting slopes were close to 1, and the intercepts were less than 0.1. The MODIS/Terra DT products generally underestimated the AODs at the XL site although a high percentage of matchup data fell with the EE (79.15% and 78.65% for the MODIS/Terra AODs at resolutions of 3-km and 10-km, respectively). The MODIS/Terra and MODIS/Aqua DB products showed a significant overestimation of the AODs at the XL site. The statistical points of the MODIS DB AOD retrievals at the XL site were the farthest from the AERONET reference point for the three sites (Figure 3 ), which shows that the MODIS DB products experience a remarkable degradation at the XL site.
The scatter plots of the OMI AODs, SeaWiFS AODs, and VIIRS AODs against the AERONET AODs are given in Figure 4 . The correlation coefficients between the OMI and AERONET AODs were 0.83, 0.88, and 0.82 at the BJ, XH, and XL sites, respectively, and the MB values were negative at the three sites. The slopes of the linear regression between the OMI and AERONET AODs were less than 0.60 at the BJ and XH sites, and the intercepts were 0.11 and 0.05 at the BJ and XH sites, respectively. The NSD values of the OMI AODs were lower than those of the AERONET AODs at the BJ and XH sites (Figure 3a,b) . The OMI performed better at the XL site than at the BJ and XH sites, with a higher slope (0.791), a lower intercept (0.037), and a standard deviation very close to that of AERONET (Figure 3c ). However, all the statistics suggest that the OMI significantly underestimates the AOD when aerosol loading is medium or high and slightly overestimates the AOD when the AOD is very low. The worse performance of the OMI in the urban area is caused by the combined effect of complex surface characterization, cloud contamination, and possibly aerosol model representation. Aerosol loading and clouds are highly variable within the large OMI footprint for the urban area, which results in a diminishment of the retrieval quality. and 0.082 at the BJ, XH, and XL sites, respectively. The standard deviations of the SeaWiFS AOD were less than those of AERONET (the NSDs were 0.81, 0.79, and 0.68 for the BJ, XH, and XL sites, respectively). The slopes (intercepts) of the linear regression were 0.72 (0.09), 0.67 (0.14), and 0.56 (0.05) at the BJ, XH, and XL sites, respectively, which shows that the SeaWiFS retrievals underestimate certain high-AOD events.
The VIIRS AOD products performed slightly better at the XL site than at the BJ and XH sites. The RMSD was reduced from approximately 0.25 at the BJ and XH sites to 0.12 at the XL site. The percentage of VIIRS AOD retrievals falling within the EE at the XL site (64.75%) was the highest among the three sites, although it was lower than the previous global evaluation of VIIRS EDR AODs over land with a value of 71% [5] . The slopes (intercepts) of the linear regression were 0.74 (0.16), 0.75 (0.07), and 0.771 (0.053) at the BJ, XH, and XL sites, respectively, which also indicates that VIIRS underestimates certain high-AOD events and overestimates AODs under relatively low-AOD conditions. Although the correlations between the space-borne AOD retrievals and the AERONET AODs degraded (R < 0.90) at the XL site, the RMSD and MB values were reduced at the XL site compared to those at the BJ and XH sites. In addition, the percentages of matchup data falling within the EE were higher at the XL site than those at the BJ and XH sites for all the satellite AOD products. This result is due to the variation range of AOD at XL being much smaller than that at the BJ and XH sites (Figure 2a ). The percentages of the SeaWiFS AOD data falling within the EE were 70.12%, 65.29%, and 82.86%, the correlation coefficients are 0.90, 0.84, and 0.82, and the RMSD values were 0.109, 0.208, and 0.082 at the BJ, XH, and XL sites, respectively. The standard deviations of the SeaWiFS AOD were less than those of AERONET (the NSDs were 0.81, 0.79, and 0.68 for the BJ, XH, and XL sites, respectively). The slopes (intercepts) of the linear regression were 0.72 (0.09), 0.67 (0.14), and 0.56 (0.05) at the BJ, XH, and XL sites, respectively, which shows that the SeaWiFS retrievals underestimate certain high-AOD events.
The VIIRS AOD products performed slightly better at the XL site than at the BJ and XH sites. The RMSD was reduced from approximately 0.25 at the BJ and XH sites to 0.12 at the XL site. The percentage of VIIRS AOD retrievals falling within the EE at the XL site (64.75%) was the highest among the three sites, although it was lower than the previous global evaluation of VIIRS EDR AODs over land with a value of 71% [5] . The slopes (intercepts) of the linear regression were 0.74 (0.16), 0.75 (0.07), and 0.771 (0.053) at the BJ, XH, and XL sites, respectively, which also indicates that VIIRS underestimates certain high-AOD events and overestimates AODs under relatively low-AOD conditions. Although the correlations between the space-borne AOD retrievals and the AERONET AODs degraded (R < 0.90) at the XL site, the RMSD and MB values were reduced at the XL site compared to those at the BJ and XH sites. In addition, the percentages of matchup data falling within the EE were higher at the XL site than those at the BJ and XH sites for all the satellite AOD products. This result is due to the variation range of AOD at XL being much smaller than that at the BJ and XH sites (Figure 2a) .
The aerosols in the NCP are a mixture of coarse-mode and fine-mode particles [27] . The coarse-mode dust aerosols increase significantly in the NCP in the spring, which can be seen from the lower FMF values shown in Figure 2c . However, the POLDER polarization measurements are sensitive to fine-mode particles over land [15, 32] , which results in POLDER underestimations of the AOD (negative MB values and lower percentages of POLDER AODs within the EE (<40%)).
Concluding Remarks
Based on ground-based AERONET observations, various satellite AOD products were evaluated for the NCP. The MODIS DB products provide more accurate retrievals than the MODIS DT and other space-borne AOD products at the BJ site, which suggests that the DB algorithm is suitable for the urban surface. All MODIS DT and DB products perform better than the other satellite products at the XH site. The MODIS/Aqua DT products at resolutions of 3-km and 10-km perform better than the other space-borne AOD products at the XL site. The MODIS 3-km DT algorithm uses the same protocol as the 10-km DT [33] , so the two MODIS AOD products perform consistently at the three sites except that the 3-km products have a higher sampling rate. However, the MODIS DB products perform worse at the XL site than at the BJ and XH sites. Several factors lead to this degradation. The XL site is situated on a mountain top with an elevation of 960 m, and the surrounding topography and surface types are complex and inhomogeneous, which results in an inadequacy in the spatial representation of AERONET observations. Moreover, there are remarkable differences in the absorption and size properties between the BJ and XL sites, as shown in Figure 2b ,c. Polluted and clean urban aerosols are dominant at the BJ site, and in addition, smoke and dust aerosols account for approximately 45% of the total (dust aerosol loading increases in the spring). The proportion of urban aerosols is reduced, and high absorption smoke aerosols increase at the XL site [17] . The aerosol model types used in the retrieval algorithm of MODIS AODs remain unchanged over the NCP. The uncertainty in the aerosol model type also results in a degraded retrieval accuracy of the MODIS AOD.
The MISR, VIIRS, and SeaWiFS tend to underestimate certain high-AOD events and overestimate AODs under very low-AOD conditions for the NCP. The OMI significantly underestimates the AOD for the NCP and slightly overestimates the AOD when the AOD is low (<0.20) at the BJ site. The POLDER polarization measurements are sensitive to fine-mode particles over land [15, 32] , which results in POLDER underestimation of the AODs for the NCP.
The relative data volume differences among the various data products should be carefully considered when interpreting and evaluating the statistics of the AOD products in this study. The sensor swath width is one of main factors that determine the available volume of data. The MISR, with a limited swath width of 380-km, has less data volume than the other satellite sensors. In addition, the seasonal changes in the retrieval conditions also have a considerable impact on the data volume [24] . The XL site has less matchup data points than the BJ and XH sites due to the limited time period of AERONET measurements at the XL site. MODIS 3 km products with the highest spatial resolution and relative high sampling rate can be used for various climate study and air-quality monitoring. However, the sampling rate of MODIS 3-km AOD products derived from DT algorithm decreases significantly on the NCP in winter. The MODIS DB AOD products complement the MODIS DT AOD coverage, especially in winter [19] . The MODIS DT and DB merged products show a larger sampling rate, which is more suitable for air-quality monitoring.
